A spontaneous variant of adenovirus (Ad) type 3 (subgroup B) was identified, which did not grow in HeLa cells, but grew in 293 cells with a large plaque morphology. The variant (Ad3var 100) had a defect in the the early gene region Ela; it could grow in cells that supplied Ela functions and was complemented for growth in HeLa cells by Ad5 wild-type (subgroup C) but not by the Ela deletion mutant Ad5d1312. It also bore a deletion of some 1-5 kb in the E3 region. The loss of these sequences conferred on the variant the ability to inhibit Ad5 wild-type virus, although Ad3 wild-type was dominant over the variant. No transdominance was seen between wild-type Ad3 and Ad5. The Ela mutation was placed in a wild-type background and this Ela mutant had the host range properties of the variant, but did not retain the large plaque morphology and was not dominant over Ad5. The E3 mutation was separated from the Ela lesion by marker rescue; the resulting E3 mutant retained dominance over Ad5, grew in HeLa cells and had a plaque morphology intermediate between wild-type and variant.
INTRODUCTION
The study of adenovirus (Ad) has focused mostly on the viruses from serological subgroups A and C. In contrast, the properties of the B subgroup viruses have been somewhat neglected. Mapping and sequencing studies show that the A, B and C subgroup human adenoviruses have a very similar genomic organization (Tibbetts, 1977; Sambrook et al., 1980; van Ormondt et al., 1980; van Ormondt & Hesper, 1983) and they can complement each other for some functions in the lytic cycle (Williams et al., 1975 (Williams et al., , 1981 McDonough & Rekosh, 1982; Rowe & Graham, 1981) . There are as yet no temperature-sensitive or host range mutants of subgroup B viruses but a variant of Ad3 (subgroup B) that bears a deletion within the E3 region, but remains viable for lytic growth in tissue culture, has been described (Groff & Daniell, 1980) . Similar E3 mutants of the subgroup B virus Ad7 also exist (Kapoor et al., 1981) . Viable Ad3 variants with alterations in the left end of the genome 5' to the E 1 a genes have been identified (Robinson & Tibbetts, 1984; Larsen & Tibbetts, 1985) . Interest in the B subgroup has recently been stimulated by observations that the E 1 a genes and gene products of different subgroups interact in a complex manner (Leite et al., 1986; Tibbetts et al., 1986) . D'Halluin and co-workers have reported a hierarchy of transdominance across the subgroups (Delsert & D'Halluin, 1984) , which they ascribe to a repressor-like activity of an Ela gene product (Leite et al., 1986) . Tibbetts et al. (1986) observed both positive and negative autoregulation of E1 a, depending on the conditions of co-infection or transfection. Such studies across subgroups are helping to shed light on the functions of the Ela gene products in the lytic cycle.
We describe here the isolation of a variant of Ad3 which displays some interesting properties pertaining to transdominance. It bears two demonstrable mutations, one within the essential early region Ela and the other in the non-essential early region E3. E la mutants are recognized by their limited host range; they can grow only in cells where the E 1 a functions are supplied in trans (Harrison et al., 1977; Jones & Shenk, 1978) . E3 mutants do not have an overt phenotype 0000-7560 © 1987 SGM in the lytic cycle in tissue culture, but are usually recognized by art altered restriction enzyme profile (Jones & Shenk, 1978 , 1979 . The Ad3 variant grows with a large plaque morphology in 293 cells. An increased plaque size is a property usually associated with the Elb region of the genome (Chinnadurai, 1983) , although an Ad5 E3 variant (Ad5sub304) does display a large plaque phenotype (Liu et al., 1985) .
METHODS
Cells and virus. 293 cells , HeLa cells and adenovirus-transformed KB cell lines (Babiss et al., 1983) were grown as monolayers in Glasgow modified Eagle's medium plus 10% foetal calf serum. Maintenance medium for viral growth had 2% calf serum. High titre virus stocks were prepared on 293 monolayers infected at low multiplicity and virus was purified as previously described (Mautner & Willcox, 1974) . Plaque assays were carried out according to Williams (1970) . For one-step growth curves cells were infected at 10 p.f.u./cell, harvested at intervals up to 72 h post-infection and virus yields titrated on 293 cells. Host range phenotype was tested using a rapid assay (Harrison et al., 1977) . Monolayers of 293 cells and HeLa cells at 80% confluence were overlaid with agar and then inoculated with 15 ~tl of plaque isolate, and incubated at 37 °C for 7 days. Isolates producing a zone of c.p.e, on 293 cells but not on HeLa cells were scored as demonstrating a host range.
DNA transfection. The calcium phosphate transfection technique of Graham & Van der Eb (1973) was used, with adaptations introduced by Wigler et al. (1978) . At 4 h post-transfection cells were treated with glycerol as described by Frost & Williams (1978) and were then overlaid with agar.
Analysis of 32p-labelled viral DNA. To prepare in vivo labelled viral DNA, 2 x 105 cells (293 or HeLa in 15 mm Linbro wells) were infected at 10 p.f.u./cell. At 6 h post-infection the cells were washed with phosphate-free medium, 1 ml of maintenance medium supplemented with 32P i (370 kBq/ml) was added, and incubation was continued umil a cytopathic effect was observed (usually 36 h). Viral DNA was extracted by a modification (Hay et al., 1984) of the method described by Hirt (1967) , and was subjected to restriction enzyme analysis.
Plasmids. Ad3WT BamHl H [2.0 to 5.0 map units (m.u.)] and BamHIG (5.0 to 9.6 m.u.) were ligated into the unique BamHI site of pUC8 (Vieira & Messing, 1982) and used to transform JM83 cells (Messing, 1979) by the method of Hanahan (1983) . Plasmid D NA was prepared by the method described by Clewell & Helinski (1970) . The plasmid pJB329 which contained Ad3WT BamHI A (9-6 to 36.7 m.u.) cloned in pBR322 (Engler & Kilpatrick, 1981) was generously provided by Dr J. Engler.
RESULTS

Isolation of a variant of adenovirus type 3
Our Ad3 wild-type stock (strain GB) does not plaque as well as Ad5WT in HeLa or 293 cells; it gives much smaller plaques that take longer to appear. It has a slower growth rate as assessed from one-step growth curves and gives a lower virus yield per cell than Ad5WT. To obtain an Ad3 stock that had growth characteristics similar to Ad5WT, we selected large plaques that appeared early when a crude Ad3GB seed stock was titrated on 293 cells. The properties of one such plaque isolate, picked on day 4 from a titration at 37 °C, will be described. The isolate was plaque-purified through three cycles and a high titre seed stock prepared by infecting 293 cells at low multiplicity and harvesting when a complete c.p.e, was obtained (at 7 days post-infection). This isolate is referred to as Ad3varl00.
Growth properties of the adenovirus type 3 variant
One-step growth curves were obtained for Ad3varl00, Ad3WT and Ad5WT on 293 cells: those of Ad3varl00 and Ad5WT were very similar (not shown), and distinct from that of Ad3WT (Fig. 1) . Ad3varl00 grown in HeLa cells (Table 1) showed a markedly reduced yield compared to that obtained in 293 cells, and also compared to the yields of Ad3WT and Ad5WT in HeLa cells, suggesting that Ad3varl00 might be a host range mutant of Ad3WT, dependent on one of the Ad5 E1 functions expressed in 293 cells.
DNA replication of Ad3varlO0
If Ad3varl00 could not grow in HeLa cells because it lacked an essential early function, we expected it to be unable to replicate its DNA in HeLa cells. Accordingly, 293 and HeLa cells (11) at a multiplicity of 10 p.f.u./cell. After 1 h adsorption, monolayers were washed with Tris-buffered saline, 4 ml of maintenance medium was added and the cells incubated at 37 °C. Cells were harvested at the indicated intervals and the virus yield was titrated on 293 cells. and harvested 96 h post-infection, expressed as were infected with Ad3varl00, labelled with 32p i and viral DNA was extracted at 36 h postinfection. Restriction digests were displayed on agarose gels. It was necessary to examine digests rather than uncleaved DNA because there is a DNA band of cell origin in Hirt extracts that 
Restriction endonuelease profile of Ad3var lO0
An alteration in the E1 region might be detectable as an alteration in a restriction site or fragment size; the BamHI profile of Ad3varl00 did differ from that of A d 3 W T (Fig. 2b) . Ad3varl00 lacked BamHI fragments C and F, and instead there was a new fragment C' which was approximately 3~ smaller than a fusion of C + F, suggesting that the BamHI site at 83.1 m.u. had been lost as the result of a deletion. 
Complementation tests with Ad3varlO0
Since Ad3varl00 grew in 293 cells which contain Ad5 DNA (0 to 17 m.u.) and express the essential early E1 functions, it seemed likely that one of these expressed functions was complementing its growth. This being the case, we would also have expected Ad5WT virus to complement for the defect in HeLa cells; we therefore co-infected HeLa cells with Ad3varl00 and Ad5WT and assayed for complementation at the level of DNA synthesis, by labelling the cells with 32Pi and extracting viral DNA in a Hirt supernatant. To distinguish between Ad5WT and Ad3varl00 DNA, the DNA was digested with BamHI, which gives distinctive profiles for these two serotypes (Fig. 2a) . When Ad3varl00 and Ad5WT were co-infected in HeLa cells there was replication of the Ad3varl00 DNA, but the level of Ad5WT D N A synthesis was substantially decreased compared to that in a single infection. A similar reduction was seen in 293 cells, which are equally permissive for both viruses in single infections. Ad3var100 was able to shut off Ad5WT DNA synthesis using different total multiplicities (10 to 100 p.f.u./cell) and input ratios ranging from 1:1 to 1 : 100 (not shown). The particle to p.f.u, ratio of the seed stock was 10:1 for Ad3varl00 and 12:1 for Ad5WT, which would not have affected the input ratios. The requirement for functional Ad3varl00 to switch off Ad5WT D N A synthesis was tested by co-infecting cells with Ad3varl00 that had been heat-inactivated at 56 °C for 30 min. In HeLa cells no Ad3varl00 DNA was made and no inhibition of Ad5WT was seen, showing that in order to switch off Ad5WT DNA synthesis, Ad3varl00 must be infectious (not shown).
To see whether the transdominant effect was a general property of the variant, similar coinfections were performed with Ad3WT virus (Fig. 2b) . Replication of Ad3WT was not altered in the presence of the variant in 293 cells; instead, Ad3WT substantially inhibited replication of the variant. In HeLa cells Ad3WT grew normally, but failed to act as a helper for Ad3varl00. Ad3WT did not affect the replication of Ad5WT or Ad2WT in either 293 or HeLa cells (not shown). 
Location of the E1 lesion
A family of KB cells constructed by Babiss et al. (1983) was used, which contain and express the E1 functions of Ad2WT. Ad3WT and Ad5WT grew equally well in all cell lines (Table 2) ; however Ad3varl00 growth was reduced in the parental KB7 cell line, which contains no adenovirus DNA, and in KB18 which expresses only Elb. The titre of Ad3warl00 in cell line KB8, which expresses Ela, was comparable to that in KB16, in which both E l a and Elb are made, suggesting that the virus was defective only in the Ela region. To confirm this, D N A replication of Ad3varl00 was examined in the KB cell lines. As controls, the deletion mutants d1312 (AEla) and d1313 (AElb) were included in the experiment (Jones & Shenk, 1979) . Viral DNA was cleaved with HindlII, which distinguishes between Ad3varl00, Ad5WT and the Ad5 deletion mutants. Ad3var100 DNA synthesis was normal in KB16 and KB8 cells, but was as low in KB18 as in KB7 and HeLa cells (Fig. 4) . This paralleled the observations on virus titration; only cell lines expressing the Ela region complemented the defect in Ad3varl00. Thus Ad3varl00 behaved like Ad5d1312 with respect to its host range phenotype. 
Marker rescue for the Ad3varlO0 E1 mutation
Further evidence for the location of the host range mutation c a m e from marker rescue. Cloned fragments of A d 3 W T were used; virus yields from cotransfected 293 m o n o l a y e r s were titrated on 293 and H e L a cells (Table 3) . Only with BamHI H (2.0 to 5.0 m.u.), which encodes E l a , was an increased titre seen on H e L a cells. The loss of the host range phenotype was confirmed by rapid assay of H e L a plaques for c.p.e, on 293 and H e L a monolayers. Isolates that grew on both cell types were subjected to restriction analysis; those that retained the variant profile but had lost the host range phenotype were classified as rescued at the left hand end. One such isolate (Ad3dll01) was used in subsequent studies of the E3 lesion.
In vitro ligation to rescue the E3 mutation Ad3varl00 DNA and Ad3WT DNA were each cleaved with ClaI, which cuts the genome once at 52.2 m.u. The digests were mixed and ligated using T4 ligase. Because one end of each ClaI fragment is blocked by residual peptide of the terminal protein, only pairwise combinations will result from the ligation (Boursnell & Mautner, 1981) . One-eighth of these should have the left half of Ad3varl00 joined to the right half of Ad3WT. On transfection these molecules will give rise to virus retaining the host range phenotype but exhibiting a wild-type restriction profile. The ligation mixture was transfected into 293 cells and plaques were picked at 10 days post-transfection. Isolates were screened by rapid assay and restriction analysis; progeny that grew in 293 cells but not in HeLa cells and had an Ad3WT restriction profile were identified as having a mutant Ela region and a wild-type E3 region. One such isolate (designated Ad3hrl02) was plaque-purified and used for further studies of the Ela mutation.
Properties of the Ela and E3 mutants
Ad3dll01 and Ad3hrl02 were titrated on KB cell monolayers (Table 2 ). Ad3hrl02 showed a host range phenotype and, like Ad3var100, could be complemented only by cells expressing the Ela functions. Ad3dll01 was wild-type with respect to growth in HeLa and KB cells. In the complementation assay, the variant was dominant over Ad5WT; to test whether this effect involved both lesions or was an effect of Ela or E3 alone, the experiment was repeated using Ad5WT with Ad3hrl02 or Ad3dll01 (Fig. 5) . In 293 cells, Ad5WT DNA synthesis was reduced in the presence of Ad3varl00 or Ad3dll01, whereas Ad3hrl02 hardly affected it. In HeLa cells, Ad3dll01 replicated its own DNA and inhibited the replication of Ad5WT. Ad3hrl02 did not inhibit Ad5WT DNA synthesis but was mutant in that it required a helper in order to replicate. Thus the Ad5WT inhibition phenotype was associated with the E3 mutation present in Ad3dl101 and did not require the additional presence of the E 1 a mutation, retained in Ad3hrl02. Ad3WT was dominant over the variant in HeLa and 293 ceils (Fig. 2b) . When Ad3dll01 and Ad3WT were used to co-infect HeLa cells, this dominance was not seen, and both variant and wild-type DNAs were made (not shown). Because the restriction profile of Ad3hr102 was identical to that of Ad3WT, it was impossible to assess by co-infection and DNA analysis how the Ela mutant interacted with Ad3WT.
Plaque morphology
Ad3hrl02 showed a small plaque morphology similar to Ad3WT in 293 cells and did not plaque in HeLa cells. Ad3dll01 plaques were of intermediate size between those of Ad3varl00 and Ad3WT in both 293 cells and HeLa cells. DISCUSbION Ad3varl00 is a spontaneous variant isolated from an Ad3WT stock. It has an E3 deletion, and an Ela lesion that confers a host range phenotype. A host range variant of Ad3 that has alterations 5' to the Ela gene has been briefly reported (Larsen & Tibbetts, 1985) . The mutation in Ad3varl00 and Ad3hrl02 most probably maps within the coding region of Ela, because it is rescued by a fragment encompassing 2-0 to 5.0 m.u., and can be complemented by cells expressing only E la products.
An unexpected observation is that on co-infection of the variant and Ad5WT in HeLa or 293 cells, Ad5 DNA synthesis is greatly reduced. When Ad5WT is co-infected with Ad3dll01, but not with Ad3hrl02, the same reduction is seen, indicating that the E3 region, but not the Ela region, has a role in this effect. The ability of an E3 deletion mutant to influence a co-infecting virus has been reported for Ad5; Berkner & Sharp (1983) constructed an E3 deletion mutant which inhibited the DNA synthesis of its parent Ad5d1309 and of Ad5WT. This is different from our observation that the variant and the E3 deletion mutant Ad3dll01 inhibit Ad5WT but not Ad3WT. The E3 deletion is not as extensive as that described by Groff & Daniell (1980) , which spanned most of the E3 region, but it will remove the termination signal for the major E3 transcript (C. Signas, G. Akusjarvi & U. Petterson, unpublished results) and it may also affect Ad3WT Ad5WT Ad3WT Ad3varl00 Ad5WT, Ad3hrl02, Ad3dll01 Ad5WT --Ad3WT, Ad3varl00, Ad3hrl02, Ad3dll01 the C-terminal sequence of that gene. The deletion is likely to result in the loss of at least two other mRNAs, which are encoded by Ad3 but not by Ad2. It is difficult to envisage a mechanism whereby deletion of a rton-essential early gene segment renders a virus transdominant; when Ad3WT and Ad5WT are co-infected no dominance of one serotype over the other is seen. To complicate our understanding further, Ad3WT is dominant over the variant (but not over the E3 deletion mutant), suggesting that in this case the Ela mutation has a role in determining dominance. It is not surprising that Ad3WT affects the growth of the variant; had the converse been true, the variant might have outgrown the wild-type in the crude seed stock from which it was originally isolated. There are conflicting reports in the literature on the ability of wild-type viruses from different serotypes to replicate during co-infection, and although some find that certain serotypes interfere, others arrive at the opposite conclusion. Mak (1969) found that Adl2 decreased the amount of Ad2WT made in KB cells while the level of Ad 12 remained low, but appeared at an earlier time than in a single infection. In contrast, Williams et al. (1975) and Brusca & Chinnadurai (1981) successfully co-infected HeLa or KB cells with wild-type Ad2 and Adl2. Delsert & D'Halluin (1984) described a hierarchy of serotypes with respect to transdominance in co-infections of HeLa and KB cells. In particular they found Ad3WT to be dominant over Ad2WT, which is in contradiction to our observations on Ad3WT and Ad5WT. There are differences in the experimental approach; we extracted DNA from cells labelled with32p over a long period and assessed the incorporation into viral DNA by autoradiography of low molecular weight DNA cut with restriction enzymes, whereas Delsert & D'Halluin (1984) measured incorporation over a short period late in infection and examined virion DNA on caesium chloride gradients. However we have recently examined virion DNA from yields of co-infected cells, and find levels concordant with those seen by Hirt extraction of infected cells (V. Mautner & N. Mackay, unpublished observations).
Complementation for E 1 functions across adenovirus subgroups has been reported for certain combinations of serotypes. For example, an Ad2 mutant with a deleted E 1 a + b region can be helped by Ad7 or Adl2 (Brusca & Chinnadurai, 1981) , and Ad5 host range mutants (Ela and Elb) have been complemented by Adl2WT in HeLa cells (Rowe & Graham, 1981 ; Williams et al., 1981) . Our results show that Ad3Ela can be complemented by Ad5 (virus and 293 cells) and Ad2 (KB cells). Brusca & Chinnadurai (1981) found that complementation of their Ad2 deletion mutant was accompanied by a decrease in the level of helper virus DNA, when this was AdI2WT, but not when it was Ad7WT. This does not fit with our finding that the Ad3Ela mutant Ad3hrl02 does not inhibit Ad5WT replication. In contrast, the observation that the variant but not Ad3dll01 is inhibited by Ad3WT implicates the Ela region in transdominance within the serotype. A transdominant effect of temperature-sensitive mutants on wild-type yield has been documented for some adenovirus mutants (Carstens et al., 1979; Plaat & Weber, 1979; Williams et al., 1981 ; McDonough & Rekosh, 1982) . This trans effect has been ascribed to those functions which act stoichiometrically rather than catalytically (see Young et al., 1984) . Whether Ela products fall into this category remains to be seen. Recently Tibbetts et al. (1986) have described transdominance in E 1 a-containing plasmids, and it will be interesting to see whether the inhibitory effects we have described in lytic infections are also manifest using Ela bearing plasmids.
The properties of Ad3varl00 and mutants are summarized in Table 4 , with regard to complementation and transdominance. We conclude that Ad3varl00 prevents Ad5WT replication, and this is attributable to the E3 lesion, which can act alone as in Ad3d1101, whereas the Ela mutant Ad3hrl02 does not inhibit Ad5WT replication. In contrast, Ad3varl00 is inhibited by Ad3WT, and this is likely to be a consequence of the Ela lesion, as the E3 mutant Ad3dll01 is not inhibited by Ad3WT.
The Ad3 variant was selected for its large plaque phenotype, this being one criterion of its more rapid growth than the parental stock. A large plaque phenotype has previously been mapped to the Elb region (Chinnadurai, 1983) , although it has been noted (Liu et al., 1985) that Ad5sub304, which has an E3 deletion and substitution (Jones & Shenk, 1978) , has a large plaque phenotype in HeLa cells. Ad3hr 102, which has a wild-type right half to its genome, reverts to the small plaque morphology of the wild-type on 293 cells, suggesting that the E3 region must play a decisive role in determining plaque size. But the E3 mutant Ad3dll 01, made by marker rescue of the Ela region of Ad3varl00 with wild-type sequences, gives plaques intermediate in size between wild-type and variant, so there is no clear segregation of plaque morphology with either lesion of Ad3varl00. Plaque size is likely to be a complex interaction of virus and cell, depending on such factors as the growth rate of the virus, its ability to spread from cell to cell, its cytopathic properties and the susceptibility of the cell to cytolysis,.
